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AIR-TO-AIR TARGET ACQUISITION:
FACTORS AND MEANS OF IMPROVEMENT

INTRODUCTION

Air-to-air target detection is a required skill for
safety purposes in commercial and general aviation, and for
tactical purposes in military aviation. While the critical-
ity of this task has been recognized for decades and while
major efforts have been devoted to its definition, discus-
sion, and modeling, no ready solutions have been put forth
to provide significant performance improvements.

The objective of this current study is to filter the
large amount of literature, and recommend for subsequent
investigation those factors which might be improved through

training or aids. This objective was accomplished by the
following steps.

1. All target detection (recognition, acquisition)
literature was computer searched, reports were
obtained, and all were screened for relevance to
the air-to-air problem.

2. A comprehensive bibliography was prepared of all i
relevant reports and publications. While only a
small proportion dealt directly with air-to-air
target detection, a major proportion of this
selected literature had pertinent, related inform-
ation. This bibliography is appended to the
report.

3. This 1literature was reviewed, summarized, and
categorized into groupings relevant to the stimu-
lus, the task, and the observer. A major section
was also devoted to modeling of the visual detec- |
tion task, as such models form an often useful !
framework for assessing current knowledge and sug- F

gesting future research. ?

|
|
I

4, Based upon the results of this literature review,
a research program is outlined to develop possible

. improvement 1in air-to-air target detection per-
formance.

FHECDING PAGE BLANK-NOT F1LMED




OBSERVER AND PHYSICAL CHARACTERISTICS OF THE SEARCH PROBLEM

Stimulus Characteristics

Target Size, Luminance, and Position

The problem of visual search in the air-to-air environ-
ment is essentially one of detecting the presence of another
aircraft, commonly called the target, with sufficient time
to respond appropriately. The ability to detect an object
by the unaided human eye 1is, fundamentally, a function of
the apparent size of that object, its position within the
field of view, the target's luminance, and the overall lumi-
nance of the scene. These physical characteristics of the
visual stimulus interact to determine the target's threshold
detectability.

The physiological and anatomical properties of the
observer set the limits on the range of detectability and
" the threshold of detection. Thus, the stimulus characteris-
tics should be understood in the context of their effect on

the visual perception of the observer. One of the most
extensive psychophysical studies of those fundamental varia-
bles was conducted by Blackwell (25), in which stimulus

area, adaptation luminance, and stimulus contrast were sys-
tematically varied within a 10 deg radius field to obtain
approximately 450,000 data points for threshold responses.
The overall result of his work was to produce a set of
threshold curves relating these three parameters. As might
be expected intuitively, it was found that at a given
threshold contrast the target size necessary for detection
decreases as overall luminance increases (Figure 1). Stated
differently, larger targets require 1less overall luminance
and less contrast for threshold detection. These findings
are consistent with the results derived by Zaitzeff (236)
from the data of Miller (158) that visual acuity generally
increases with increasing luminance over a more extensive
range representative of the air-to-air search environment.
This trend can be observed in Figure 2.

The contrast threshold functions of Figure 1 reveal two
other interesting phengmena._ The discontinuities present at
approximately 2.5 x 107 cd/m“ can be explained in terms of a
shift from foveal vision to parafoveal vision at lower lumi-
nance levels. In addition, it can be observed that thresh-
old <contrast becomes relatively constant with respect to
adaptation luminance at high luminance levels for a given

12
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Figure 1. Arithmetical mean of threshold contrasts, plotted

as function of adaptation luminance, five
stimulus areas (25).
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Figure 2. Visual acuity as a function of illumination (233,
p. 30).
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stimulus area. Moreover, Blackwell (25) postulates a
fundamental property of the eye, the "critical visual angle"
beyond which area x luminance ceases to be a constant, as
indicated in Figure 3.

30 T ‘T
\
N

—

20

1|

LOG VISUAL ANGLE (MINUTES OF ARC)

\
,o \\ \Q\\\\
\ \\\\;\\\\ \\‘\
NN NN
0 NS
103 102 i0 | [107'{10°2 10°3{ 1074|1075

o 1 L[

-30 -20 -10 0 0 20 30 40

LOG LIMINAL CONTRAST

Figure 3. Each curve represents the relation between
threshold contrast and stimulus area for a given
adaptation luminance (25).

Contrast is defined 1in this context as the ratio of the
difference in target and background 1luminance to the pre-
vailing background luminance:

C o= (Ly - L/L, (»

Bl ackwell (25) also found that, 1in general, equal positive
and negative contrasts are equally detectable.

Target 1luminance 1is thus the target property which
largely determines contrast and influences detectabili‘y.
The target luminance, L_, can be obtained by multiplying the
illuminance on the surface, LS, by the target directional
reflectance factor, R,_. However, it should be noted that a
simple increase of target luminance may reduce contrast in
full daylight conditions, thereby interfering with detection
if the target is darker than the background initially.

14




The apparent size of a target is a measure of the angle
(a, in minutes of arc) subtended by the target at the eye of
the observer. It can be approximated for small targets (a <
5 min) to be the angular diameter of a circle of equivalent
area A _:

o}
o« = 1293 A (V2R or 2/R YA /1, (2)

where

R 1is the range to the target, and

A, is the equivalent target area.
Alternatively, the angular subtense of a given size object
(d) at a known range (R) may be approximated by arctan (d/R)
for small angles.

Shape has been found to be an unimportant parameter for

detection of small targets (4; 135). Yet Lamar et al.
(138) did find contrast threshold to rise as targets became
narrower and longer, 1i.e., as the ratio of length to width

increases (Figure 4).

For the suprathreshold case, as well, Miller and Ludvigh
(162) found that as target size increased, the likelihood of

detecting it in a given time interval also increased. One
explanation for the greater detectability of larger targets
is given by Lamar et al. (137) according to the quantum

theory of cone vision which considers the minimum number of
these retinal receptors necessary for the perception of an
image. Instead of looking at size in terms of diameter,
Lamar et al. considered the perimeter of the retinal image
and found that average retinal threshold contrast decreases
by a fractional power with increasing retinal image perime-
ter (Figure 5). Lamar et al. (138) concluded that contrast
is not Jjudged over the area of the target but across its
boundary.

Wnile the Blackwell (25) data have provided a useful
source for foveal detection thresholds, the investigations
of off-axis detectability by Taylor (20%) have served as a

standard source for peripheral threshold data. it is shown
in Figure 6 that the position of the target in the field of
view is another determining factor in detection. As the

target is moved outward from the fixational axis, grcater
and greater contrasts are necessary for detection thresholds
to be reached. This is particularly true for smiller tar-
gets and is directly pertinent to the development of visual
search models, as will be discussed in a subsequent section.

15
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Figure 4. Relation between arca and threshold contrast for
different ratios of leagth to width of
rectangular target (138).

The threshold gradient curves of Sloan (197), although
derived from a rather limited subjcct sample, also show, for
the light adapted eye, that higher lovels of luminance are
needed for detection of a target of given size as the object
is moved into the periphecry. This 1is equivalent to a
requirement of greater objeoct contrast or reduced range for
target detection in the periphery.

16
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phy:;f\?;fl_51—‘55(‘,r—‘t—i.(—3§_5f the stimulus are generally mitigated
by the intervening media between the observer and the tar-

get. Thus, target contrast is not a simple property of the
object but must be specified by the overall background lumi-
nance as well. Typical values of sky background luminance

for various conditinns are provided by Townsend and Mace
(214) in Table 1.

In the case of noouniform backgrounds, Taylor (205)
found, for an 8-deg circular background, that immediate tar-
got background luminance is the prime determinant of thresh-
old. These effects, which may be of limited utility, areo
shown in Figure 7. [t is zgenerally agreed,  however, that
local target contrast is the most critical objective factor
in target acquisition, Al though consconsus has not  been
rrached concerning the exact mechanism of contrast detection
or its best mathematical formulation, contrast,  remains
~ontral parimeter in virtually all rescarth of the nequisi-
tion process and its modeling.
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(DEGREES FROM FIXA-
TIONAL CENTER)

Figure 6. Threshold contrast as function of retinal
position and target size for binocular photopic
vision (202).

In an early report, Koomen (127) discussed the possible
critical effects of low contrast 1levels on the detection of
aircraft at high altitudes. He stated that the contrast of
a plane of average reflectance may hover around the zero
value. Short (195) reports similarly that under typical
daylight conditions, the aircraft contrast ratio generally
ranges from 0 to 5.0

The Atmosphere. The atmosphere acts to reduce the inher-
ent contrast of the target, to an apparent value at a
given range, C . A thorougg investigation regarding the
scattering of 11ght through the atmosphere was conducted by
Middleton (157), in which it was shown that luminous flux is
attenuated as a function of range. This relation is
expressed as F_ = F e~ , wWhere 0 is the extinction coef-
ficient, and r is rgnge.

The extinction coefficient is defined in terms of the
prevailing visibility conditions as o = 3.,912/V, where V is




TABLE 1. NOMINAL LUMINANCE OF THE HORIZON SKY (214, p.- 5).

Subjective condition

Clear day, sunlit cloud
Overcast day

Heavily overcast day
Sunset, overcast

Fairly bright moonlight
(‘lear night, moonless

Overcast night, moonless

Luminances, cd/m2

lO4

lO3

2
10

10




F IXATION{ TARGET LOCATION WITHIN NON-
AT NIFORM '
A B C D E
C 790 | 223 | 0616
D 3.13 1.28 ]0.763
E 3. 203 | 1.64
Figure 7. Threshold contrast, 1-min circular targets scen

against 8-deg background of nonuniform luminance
~/dark shroud (205).

meterological sighting range based on atmospheric condi-
tions. Meteorological range is defined as that distance for
which the contrast transmittance of the atmospheseglﬁsR%&.
Thus, apparent contrast is given by C_ = C e .
Therefore, light reflected or generated by €he object and
its background forms a predictable retinal image contrast
after having becn attenuated by the intervening antmosphere.

Type of Search Field. The atmospheric conditions and
flight path determine the type of search field present to
the observer. Thus, the secarch field may range from the
vast empty field at high altitudes to a2 complex landing
approach field under clear or overcast skies. Such differ-
ent types of possible search fields provide variatioans in
the basic problem of target acquisition.

For example, during takeoff and landing, very little time
is available for search or scanning. Depending on the field
of view encountered, Bloomfield and Modrick (36) suggest
that the eyes of the observer are continually being adjusted
to provide an appropriate viev of whatever is of interest at
1 given moment. This multidimensional fluctuation 1in the
search field makes parametric modeling of the  background
clutter difficult if not impossible for all flight segments.

Glare. Glare within the wvisual field can  become a
degrading factor in the acquisition task. Sources of glare
may include dircct rays from the sun or reflected light off
the sea or cloud cover below, Reflections off surrounding
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plane parts may contribute to the glare problem. In

genoral, glare may be defined as a

source of Lluminance

within the wvisual field that 1is sufficiently greater than
the luminance level to which the eyes are adapted to cause

redneed performance.

One laboratory study (by Luckiesh and Moss) reported in
MeCormick (154) investigated the effects of glare from vari-
ous angular positions within the field of view. The general

results, given in Figure 8,
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of the total visual field is available in certain cases.
Although the specific data are not provided by Baker, the
source of this finding is a 1948 cockpit visibility study
conducted by the Civil Aeronautics Authority which reached
this conclusion based on 1line-of-sight limitations and
observations of pilots' eye movements during flight.

Several reports, however, do provide cockpit visibility
layouts which clearly indicate the restricted field of view
available to the pilot. Ferguson and Goodson (78) furnish
cockpit information for the F-4 aircraft (Figure 9), while
Andrews (4) presents approximate cockpit visibility for the
pilot of a PA-28 aircraft (Figure 10). Andrews notes that
pilots could conceivably search areas quite far to the left
but would remain severely limited in overcoming the visibil-
ity problems posed by searching toward the right. The can-
opy also greatly restricts visibility below and above the
narrow band of elevation angle defined by the window open-
ings.

It 1is essentially beyond the capability of the human
observer to overcome such "built-in" limitations upon the
field of view. It therefore seems unreasonable to expect a
pilot or flight crew not only to acquire any target which
may be masked by aircraft structure, but also to maintain a
line of sight after an initial detection. The fact that a
large number of mid-air collisions (occurring under condi-
tions of clear visibility) have been attributed to a human
failure to acquire or maintain visual separation, seems to
argue for the use of electronic aiding devices (the Pilot
Warning Indicator (PWI) System will be treated in later sec-
tions) and/or that more specific information be provided to
commercial and general aviation aircraft in potential colli-
sion situations by Air Traffic Control (ATC) networks.

Moreover, the «cockpit canopy attenuates available con-
trast by an additional factor caused by the transmissivity
of the windscreen, which, on the average, can be considered
to be equal to 96%. The presence of scratches and nonuni-
formities in the windscreen may also distort the available
image. This problem is aggravated further by curved wind-
screens (e.g., F-111),

Relative Motion and Available Search Time

In the air-to-air search situation, the essential task is
one of detecting a moving target from a moving aircraft.
Although target motion is not likely to have a detrimental
effect on detection below a rate of 10 deg/sec angular
velocity (70), 1t does, of course, contribute to relative
motion or closing rate which may ultimately (at short range)
exceed this angular velocity and thus affect detection.
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Figuve 9. Scaled dimensions of F-4 cockpit (all
measurements in inches) (78).

The closing rate Dbetween two aircraft on a collision
course predetermines the time available for search, detec-
tion, and avoidance, and thereby becomes a key limiting var-

ianle, In the case of a2 single pilot, the time aviailable
for =carch is also generally limited, by the time necessary
to dnvote to  the primary task of navigation. Although

search is a vital funetion in flying, it remains a secondary
task in many situations to the pilot.

When o two airceraft, (L) and  (2) respoctively, are
approaching one another at the same altitude, at velocities
of V1 and V2, respectively, the time before one passes abeam
the other is given bhy:

t = (ul)/v1 + Vy(eos [ - (180 ¢ H,1), (3
Wl o is distance inittially, H1 its headine of atrerafit
1y, and H, is heading of aircraft (2). Tho torm "search
time" has A more  gpecific meaning  in the  coantoxt of  the

ahaoryvoyr having  been alerted to the presence of g targzet,
In this casn, it refers to the time it takes tn detect the

tariret somewhere in the field of view, where searching has
become the primary task.
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Figure 10. Approximate cockpit visibility for pilot in left
seat of PA-28 (4, p. 33).

Range

Range refers to the distance between the observer and the
target at the time a detection is made or recequired. If a
target were located outside the 1limits of meteorological
visibility, it would be highly unlikely that detection could
occur. However, at some range less than the liminal object
distance (the point at which an object is large enough for
detection) the observer becomes aware of "seeing" the tar-
get. This is called the sighting range.

The relation between range and detection has, in fact,
been found by Parkes (177) to be an inverse linear function
in a simulated static search task (Figure 11).

The threshold data of Blackwell (25) were used by Duntley
(64) together with an atmospheric attenuation factor to con-
struct nomograph%c vis%bility charts for adaptation lumi-

to

nances from 107 10 cd/m“, which permit the limiting
range for detection to be found by extrapolation for any set
of prevailing conditions. Nomographic charts for full day-

light conditions and overcast sky are presented in Figures
12 and 13 (64),
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Another set of nomographs 1is provided by Townsend and
Mace (214) which shows the threshold sighting ranges for 95%
probability of detection for both day and night conditions.
Charts for two different size targets and contrast levels
are given in Figures 14 through 19. These appear to be more
applicable to the practical problem of observer confidence
in having acquired the target. The Duntley nomographs, on
the other hand, employ the 50% detection probabilities of
the Blackwell data.

Glint

Another objective factor that may affect target acquisi-
tion is referred to as zlint. Glint is a common everyday
phenomenon which occurs whenever a light source is reflected
off a specular surface in such a manner as to produce a
focusing of the rays. Such a bright flash of light may in
certain cases enhance detection by "catching one's eye,"
while at other times it may cause a temporary "blinding" of
the observer with a subsequent degrading of detection capa-

bility. No quantitative data on glint effects are known to
exist. Because it cannot 1largely be "created" nor con-
trolled in the air-to-air search situation, it has appar-

ently not been researched.

Observer Characteristics

Acuity

It is generally agreed that search time and search per-
formance are dependent to a large degree on visual acuity.
Grossman and Whitehurst (95) showed that subjects with bet-
ter than 20/20 acuity located targets at least twice as fast
as subjects with 20/40 or 20/50 acuity (Figure 20), implying
that subjects with "normal" vision will perform better in a
search situation. There has been demonstrated a low posi-
tive correlation (r = 0.149) between near-vision acuity and
far-vision search performance (Johnston, 116).

Erickson (71, 72) showed that peripheral acuity corre-
lates significantly (r = ~-0.64, p < 0.01) with search time:
better peripheral acuity is associated with better (shorter)
search times. Burg and Hulbert (4U4) said that peripheral
acuity cannot be accurately predicted from static foveal
acuity, and argued for the testing of peripheral acuity to
determine search performance on the basis that better
peripheral acuity would 1lead to an increased proportion of

targets being detected without direct foveal viewing. This
would, in turn, lead t» correspondingly shorter search
times.
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SIGHTING RANGE FOR THE TARGET DETECTED AGAINST
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Figure 14. Sighting range for target detected against
horizon sky from the ground (214).
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Figure 15. Sighting range for target detected against
horizon sky from the ground (214).
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Figure 16. Sighting range for target detected against
horizon sky from the ground (2114),
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Figure 17. Sighting range for target detected against
horizon sky from the ground (214).
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Figure 18. Sighting range for target detected against

horizon sky from the ground (214).
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Figure 19. Sighting range for target detected against

horizon sky from the ground (214).
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It has been demonstrated that larger visual fields demon-
strate shorter search times (Johnston, 114), but an individ-
ual's sensitivity to movement steadily decreases as a linear
function of the distance from the fovea to the target image
on the retina (McClogin, 153), perhaps indicating a cut-off
point after which the size of the visual field makes no dif-
ference. Beyond this point, an observer's acuity or sensi-
tivity may be so weak that no targets are detected, even
though gross movement of large objects can be seen.

A number of authors (Miller, 158; Reading, 186; and oth-
ers) have noted that acuity deteriorates markedly with
increases in target velocity (Figures 21 and 22). Ludvigh
and Miller (148) attribute this drop in acuity to movement
of the image on the retina and the resulting 1loss of subjec-
tive contrast. Erickson (71) states that at higher target
velocities, foveal acuity is a more important factor than
peripheral acuity in search-type tasks. The better acuity
of the fovea as compared to the periphery leads to shorter
identification times. These high velocities require a more
sensitive area of the retina for detection. This reasoning
appears quite appropriate.

There seems to be general agreement that there exists a
low positive correlation between static visual acuity and

dynamic visual acuity (DVA) (Weissman and Freeburne, 222,
and others). Burg and Hulbert (44) found a correlation of r
= 0.1798, p < 0.001. However, Weissman and Freeburne (222)

also noticed that this correlation disappears at higher tar-
get velocities, 150 deg/s and higher. Elkin (67) summarizes
this effect by saying that good static acuity is a necessary
but not sufficient condition for good DVA (i.e., in order to
have good DVA, it is necessary to have good static acuity,

but good static acuity does not necessarily lead to good
DVA).

Miller and Ludvigh (164), in examining the effect of rel-
ative movement upon visual acuity, noted that a subject's
acuity in a condition where the target is moving is approxi-
mately the same as in a condition where the subject himself
is in motion (Figure 23). It should make no difference to
the observer if the target appears to be moving, or if the
observer himself appears to be moving with respect to the
target. His DVA should remain the same.

There appear to be consistent and predictable age differ-
ences in acuity. Burg (43) noted that the size of the vis-
ual field of view (visual field) 1is at a maximum at roughly
age 30, and the size of the field decreases after age 35.
This finding was also noted by Low (146), who said that age
does not alter the size of the visual field until after age
4o.
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Figure 21. Mean dynamic visual acuity threshold values of 9
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planes of pursuit (158).

Burg (43) reported that females have slightly larger
visual fields than do males, but sex was not found to be a
significant factor in another experiment by Low (146). How-
ever, Low had a fairly restricted subject pool (100 sub-
jects) as compared to Burg who used 17,300 in a rather rig-
orous experiment (Figure 24).

As for fatigue effects on visual acuity, Behar, Kimball,
and Anderson (21) state that acuity decreases with fatigue,
and intrasubject variability increases, especially at higher
target velocities (Figure 25). The subjects in this study
were allowed only 3-5 hours of sleep a night for five days.
This very small amount of sleep may not present itself
except during a heavy combat situation.

However, Davies and Tune (54) noted that a lookout's vig-
ilance began to deteriorate almost as soon as he began his
task, and reached a minimum after a few minutes. This could
be due to the fatigue-inducing effects of wvigilance tasks,
and may 1indicate the need to continuously monitor an
observer under visually impoverished conditions.

A number of investigators have examined the effect of

practice on peripheral wvision, and all have noted that
peripheral vision improves with practice (Figure 26). The
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Figure 22. Dynamic visual acuity as function of speed of
target movement (186).

diminution of the peripheral field with increased
concentration can be alleviated with training (Leibowitz,
144), Erickson (72) noted as an aside that his subjects

appeared to improve in peripheral visual acuity from session
to session (Table 2). Low (146) showed that peripheral vis-
ual acuity can be improved with training, but this improve-
ment is very slow. Its principal requirements are long con-
tinued practice, unlimited viewing time during practice, and
stationary test objects.

It may be possible to improve peripheral static acuity
¢ with training, but it seems that it may take a good deal of
y time, which may limit the usefulness of such training in an
i applied setting. Another question, of course, is the gener-

alization of such training to the flight environment.

: It 1is generally agreed that DVA can be improved with

practice (Behar et al., 21; Burg and Hulbert, 4l4; Miller and

Ludvigh, 164). But there appear to be large individual dif-

ferences. Miller and Ludvigh (164) report that DVA improves

at a greater rate for higher target velocities, and if there

{ is any improvement to be made at all in DVA, it occurs
fairly rapidly (Figures 27 and 28).

There appears to be a leveling off of improvement in DVA
with practice, which may indicate some limited usefulness of
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moving versus observer moving (164, p. 93).

training. It seems that practice can improve DVA to a
certain level; again, 1its generalization to the air-to-air
search task must be demonstrated.

Accommodation and Myopia

More will be said 1in a later section about myopia and
accommodation as a response to the search situation (espe-
cially the empty field), but it deserves a few general
remarks here.

Whiteside (226, 227) and Brown (42) seem to be the first
authors to examine myopia and accommodation as a problem
encountered in flight. They also appear to be the first
investigators to measure quantitatively accommodation 1in
response to high altitude, empty-field conditions.

Whiteside (226) found that subjects cannot voluntarily
relax accommodation to infinity, although they do exhibit a
certain amount of voluntary control over accommodation,
being able to obtain approximately a 1.7 diopter level.

36

g




R . o dhelhaaden o i ol G YT worr———"

1 | | | A | I L}
180 b= .
175 = -
wn 170 1
w
w
% 165~ -
w
(&)
- 160 -
o
J
w
w (55 -
- |
< <
3 150 f=
>
=2 145k
t ——— MALES )
o ---- FEMALES
F40f N S
] i i L | _L 1
135 20 40 60 80
AGE . YEARS

Figure 24. Total visual field by age and sex (43, p. 13).

In another study (Whiteside, 227), it was shown that the
time required for accommodation to reach a resting level
after the disappearance of structure from the field 1is
roughly 60 s, whether this relaxation was voluntary or
resisted by the subject.

The phenomenon of night myopia, as distinct from empty
field myopia, was examined by Koomen, Scolnik, and Tousey
(128). This first occurs at the luminance level where rod
vision begins to predominate over cone vision, and the myo-
pia grows larger as the luminance level 1is reduced further
(Figure 29). They concluded that night myopia and 1its
dependence wupon the 1luminance level 1is primarily due to
undercorrected spherical aberration of the eye. They showed
that accommodation is not a significant factor in night myo-
pia, as they were able to induce myopia when accommodation
was prevented by drugs or by an optical method.

Smoking, it appears (Powell, 181), has a definite adverse
effect upon the eye's ability to accommodate to varying dis-

tances. In summarizing a series of eight papers, Powell
(181) noted that smoking first stimulated then depressed the
function of accommodation. No data were given as to the

amount smoked, nor were there any data over time given.
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Woodson and Conover (234) describe empty-field myopia as
a condition in which the eyes tend to accommodate for a dis-
tance of about six meters in front of the observer. How-
ever, this "resting" distance varies from one observer to
another.

Whiteside and Campbell (in Matthews et al., 156) define
empty-field myopia as the condition in which an observer
with normal eyesight performing a target acquisition task in
a bright, textureless field is myopic by about 0.5 to 2.0
diopters. 1In examining the effect of accommodative aids (in
the form of grids or dots projected over the search area),
Matthews et al.(156) performance levels were 25%-30% lower
with an empty field as opposed to performance with an accom-
modative aid. Auxiliary techniques to reduce the effects of
empty field and night myopia will be discussed subsequently.
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TABLE 2. FOVEAL ACUITY, SEARCH TIME CORRELATIONS (72, p. 175)

Foveal Acuity Score

Session
Number Right eye Left eye Best eye Average

-
T Yt o

1 0.271 0.195 0.171 0.290 '

2 0.335 -0.016 -0.012 0.225 |

3 0.235 0.020 0.035 0.177 E

4 0.329 0.331 0.288 0.402 %

5 0.088 0.068 0.076 0.100 ﬁ

6 0.046 0.466 0.468 0.279 i

i

Average 0.303 0.192 0.184 0.313 E
Density, 16 0.470 0.407 0.443 0.541°

Density, 32 0.360 0.183 0.142 0.344 !
Density, 48 0.116 0.114 0.109 0.145

Correlation is significant at the 0.05 level or better
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Other Characteristics

Many other observer factors have been examined within the
context of target acquisition. Motivation and/or the rela-
ted incentive can have a positive effect upon search per-
formance. Bahrick et al.(8) showed that a condition of high
incentive facilitates the detection of stimuli presented
peripherally.

Opposed to this, a lookout's vigilance begins to deterio-
rate almost as soon as he/she begins a search task (Davies
and Tune, S54). Leibowitz (143) notes that peripheral detec-
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tion decreases with increasing stress, and peripheral
detection also decreases in severe vigilance tasks. This is
attributed to the narrowing of the visual field due to high
levels of concentration, a result also demonstrated by Gas-
son and Peters (83). They showed that the size of the bino-
cular peripheral field decreases with increasing concentra-
tion on a central task. The percent shrinkage ranged from
6% to U6%.

Some sort of incentive is necessary to maintain perform-
ance in a search task, but this incentive should not place
an unusual amount of stress on the observer, as it may lead
to reduced peripheral detection rates.

Behar et al. (21) found that fatigue in pilots leads to
an increase in the variability of dynamic visual acuity
(Figure 25). These changes in acuity correlated only moder-
ately, however, with the pilot's subjective estimate of
fatigue intensity. This points to the need to use a more
reliable device than pilot's self-evaluation ¢to monitor
fatigue intensity.

Smoking has been found not only to depress the accommoda- §
tion function of the eye (178) but also to have a detrimen- :
tal effect on search ability due to its adverse effects on
peripheral acuity (113).

In examining transport accidents, primarily 1involving
trains, Davis (58) found four conditions which lead to oper-
ators failing to see signal lights ahead of them in dark-
ness: (1) low anxiety levels (especially after a period of
high anxiety); (2) strong expectations about what is ahead;
(3) the operator setting up a false hypothesis about the
conditions to relieve anxiety; and (4) if one aspect of the
task at hand requires a good deal of concentration, the
operator will construct hypotheses about other aspects of
this task. Davis implies that these coriitions will lead
the operator to see what he expects to see, unof necessarily b
what is actually present. i

Anxiety may often enhance the tendency to form
hypotheses. A person can tolerate some uncertainty 1in a
given situation when anxiety is at a low level. He or she

may be able to wait for more information before taking
action or adopting an hypothesis about what 1is occurring.
However, if anxiety 1is aroused, one tends to adopt
hypotheses about the situation on the basis of incomplete
information and then act on those hypotheses.

Low anxiety 1levels after a period of high anxiety may
lead to the creation of false hypotheses, as the subject may
feel that the worst is over and may relax his/her attention.
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Strong expectations about conditions may come from long
experience in similar situations, situations in which he/she
has made confident and correct appraisals. The operator may
be alert for expected departures from normal operation. If
he/she is not, he/she may misread, or fail to read, changes
in the situation.

Two studies examined dynamic states of the cockpit and
pilot performance (Besco, 23; White and Monty, 225). Both
studies concluded that pilot performance on a tracking task
decreases with the increase of unusual gravitational forces

such as vertical acce2lerations {(Figures 33 =nd 31).
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Figure 30. Foveal thresholds as a function of acceleration
(225, p. 7TN.

Similarly, Clark (49) found that unusual vestibular stim-
ulation 1leads to errors in the actual perception of the
stimulus. During these periods of unusual vestibular stimu-
lation (such as in steep dives, etc.), the only information
that may be reliable is the fact that there is a target out
there. 1Its exact position, however, may be erroneously per-
ceived.

Davies and Tune (54) remarked that there was no substan-
tial evidence of a relationship between intelligence and
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detection of targets. There exists some evidence that
younger people perform better and there is no evidence sup-
porting sex differences (even though acuity differences have
been found). They note that extroverts make fewer correct
detections than 1introverts, and they may show a greater
decrement in performance with time on task.

There was a significant correlation (r = 0.66, p < 0.001;
Thornton, Barrett, and Davis, 213) between perceptual style
and the ability to correctly identify targets in aerial pho-
tographs. Perceptual style is a concept used to describe a
continuum extending from field independence (high profi-
ciency in pulling an item from an embedding context) to
field dependence (lower proficiency in pulling an item from
an embedding context). This has applicability in training
for target detection. It is well-known that even with
training, a wide range of 1individual differences exists in
detection ability. Using the concept of perceptual style,
it may be possible to tailor training to the individual to
perhaps eliminate these differences. Conversely, aircrew
selection based upon field dependency may be a criterion
useful in achieving a greater target detection capability.

Monk (167) demonstrated a significant sequential effect

in target acquisition. He noted that the time required to
locate a target decreased significantly if the target on the
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previous trial was in the same place. This seems to imply
that observers tend to search for targets first where a tar-
get has recently appeared (or typically appears). This

would tend to produce a high probability of fixation in that
portion of the visual field which would reduce the fixation
rate in the rest of the field. To increase the probability
of target detection over the entire field, one should avoid
this sequential effect, perhaps through making the observers
aware of the problem, or perhaps through training.

Search Situation

Response to an unstructured field. Pilots and observers
in planes at high altitudes (especially 35,000 ft or higher)
frequently report difficulties in the visual detection of
other aircraft. The primary cause of this difficulty is the
lack of structure and detail in the visual field.

This "empty field" state can 1lead to a disorientation of
the observer. He cannot really be sure where he has already
searched, nor where he has yet to search (156; 75). There
is also very little feedback from the ocular muscles, lead-
ing the observer to be unsure of where the eyes are aimed
without having some detail to fixate upon (Avant, 6). As a
result of this, the observer may orient himself with respect
to some sort of internal coordinate system that may not cor-
respond to the coordinate system of the aircraft. This
action may lead ¢to two types of occurrences: (1 the
observer may perceive a target which is straight ahead to be
on a noncollision course and take no evasive action, and (2)
the observer may perceive a target which is on a noncolli-
sion course to be on a collision course and may take exces-
Sive or inappropriate evasive maneuvers.

Avant (6) reported that prolonged exposure to a homogene-
ous (i.e., empty) visual field may lead to a failure of the

perceptual mechanism: an actual temporary cessation of
vision. This state was immediately terminated with the
injection of figures into the empty field, even if the fig-
ures could not be identified. In a situation where an
observer is informed by some other means of the presence of
a target in a homogeneous visual field, 1lengthy search may
lead to such a failure of the visual system. This could be

remedied by having the observers repeatedly glance at
instruments or some other detail of the aircraft to termi-
nate this failure.

Observers report a number of subjective responses to

exposure to an empty field. S5ome report a sensation of
being immersed in a "sea of light"™ (Avant, 1965). As the
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illumination increased, the observers noted that the fog
condensed into a regular curved surface which surrounded the
observer on all sides. With further increases in illumina-
tion, the surface flattened out into a plane. This tendency
may lead to problems in depth perception and errors in esti-
mating the range to targets detected.

Other observers have noted an apparent persistence of
motion of objects seen in an otherwise empty visual field
(Cohen, 50; Miller and Ludvigh, 163). A spontaneous autoki-
netic effect has been observed with a stationary stimulus in
an empty field (Cohen, 50, 51; Miller and Ludvigh, 161).
This may present difficulties when there is no relative mo-
tion between the target and the observer. The observer may
perceive the target as moving with respect to the observer
himself when in fact it is not, resulting in erroneous per-
ception of danger, or erroneocus evasive action.

Miller and Ludvigh (161) also report the disappearance of
targets while being fixated by an observer in a homogeneous
field. They believe that accommodation mechanisms are not
responsible but do not suggest any possible causes,.

Another difficulty encountered in the empty field is that
of empty field myopia (see the section "Accommodation and

Myopia™). In the absence of structure, the eye generally
"relaxes" its accommodation to a point about six meters in
front of the observer. This relaxation is involuntary and
leads to many problems in target detection. It takes less
than one minute for this to occur, causing problems 1in
acquisition very soon after encountering empty field condi-
tions.

Targets may suddenly " jump into focus"™ at a position much
closer to the observer than their detection range under nor-
mal conditions. This leaves little, if any, time for eva-
sive action should it be necessary.

Response in a Congested Field. 1In a congested field sit-
uation, the difficulty 1in target detection lies in the
necessity of having to pick the target out of "noise."
Baker et al. (12) reported that both search time and error
rate increased as a function of the number of irrelevant
forms on the complex display. The same result was noted by
Erickson (72): Search performance decreased when object
density was increased (Figure 32).

This relationship would present problems where air traf-
fic is fairly dense, such as near airports and in well-used
paths, or when viewing aircraft from above a ground "back-
ground." The problem is not one of detection in this

L instance but rather identification of the «criterion target
among a number of nontargets.
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Enoch (68, 69) reports that there is a tendency for the
number of fixations to increase the closer one gets to the
center of the fiecld, and 1 target is more likely to be
detected the closer it is to the center of the visual field.
In contrast to this, Baker et al, (12) and Erickson (71)
report that targets located midway between the center of the
field and the poeriphery were most quickly found (Figure 33).

The problem in the congested field, it scoms, is the
opposite of that in the empty field. In the empty field,
there is too little to sce, yhereas in the congested field,
there is too much to sce. In the empty field, the visual
signal-to-noise ratio 1is low bocause there is too little
signal; in the congested field, it is low because there is
too much noise.

Competing Tasks of Pilot/Observer. According to Wier-
¥ille and Williges (229), very little is known about the
quantitative effects nf operator workload upon visual detec-
tion, or visual performance in general. The only slightly
related study is one by Bate and Self (19) that used a simu-
lated side-looking radar display. Bv randomly blanking the
display 0, 25%, 50%, or 75% of the time, they deotermined
that ground target detection decreased  and false alarm rate
increased significantly with incroased hlanking. Clearly,
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greater time sharing with other activities will probably
detract from an air-to-air search task; however, quantita-
tive relationships have yet to be determined empirically.

Eye Movements

One of the most noteworthy studies pertaining to the
nature of eye movements was conducted by Ford et al. (79),
in which eyeball movements were plotted from corneo-retinal
potentials by the technique of electro-oculography. Some of
the major results that are discussed in the section on "Mod-
eling" deal with the duration of each fixation and the
extent of angular movement between fixations. This movement
of the eyeball between periods of fixation is referred to as
saccadic motion, and it is so rapid in comparison to the
time spent in fixations to be often considiered negligible.
Ford et al. (79) report, however, that saccades may com-
prise as much as 15% of the time spent during search. The
basic results of this study are presented graphically in
Figures 34, 35, and 36, showing the frequency distribution,
average fixation time, and average angular travel during
saccades, respectively.
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Almost all of the knowledge-gathering function of the eye
occurs during fixations. Saccadic motion, 1in a sense, 1is
the vehicle which determines where the next fixation will
occur. Ford et al. (79) found that the pathway of eye

movements is seldom straight. Moreover, it was determined
that even when subjects were allowed to search "freely,"
there was a definite pattern, or spatial distribution of
fixation, which was similar for the eye movement of all six
sub jects. It was suggested that the exact configuration of

such uneven distributions may be determined by the size and
shape of the field. It was proposed that the duration of
fixations may be longer when the field being scanned con-
tains complex or unfamiliar material.

Enoch (68) found that either trained or wuntrained sub-
jects, when viewing aerial photographs, initially utilize a
characteristic pattern of eye movement which is repeated
with a high degree of similarity by the same individual. He
calls tnis the individual's basic search pattern. (Noton
and Stark (173) have renamed this same consistency "scan-
paths.") This basic pattern will become more "specific" when
some sort of a clue or cue «s to the potential target loca-
tion is provided. Without such cues, the observer will tend
to expand upon or repeat the initial pattern.
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However, Luria et al. (149) report that subjects did not
exhibit a reliable pattern of scanning during search of a
coded array of dials; two subjects did employ a systematic '
pattern when searching an embedded array. These reports '
should perhaps be regarded with reserve since only four sub-
jects participated in the study. Their conclusion that sys-
tematic or random scanning 1is a function of conditions
seems, nonetheless, to be valid. ™

In another similar study, Enoch (68) found that as the
size of the display increased, the duration of fixations
decreased while the interfixation distance 1increased (Fig-
ures 37 and 38). It was also reported that coverage of the
display area was not uniform; there was a tendency to favor
the center, right-hand side, and bottom of +the display,
while the upper left-hand corner was generally neglected.
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Figure 37. Average duration of fixation as function of {
angular subtense of display (68). t

The issue of vision during saccadic eye movements was
addressed by Volkmann (217). An experiment was conducted in
which eye movements were recorded by a corneal reflection
technique, and measures were taken to minimize blur while
maintaining foveal stimulation. It was found that although
vision was reduced during eye movements, visual detection is

¢
!
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Figure 38. Average interfixation distance as function of
angular subtense of a display (68).

possible during saccades. The moving eye thus required a
stimulus flash about 0.5 log unit greater than the fixating
eye for detection to occur.

In addition to voluntary saccadic motion, the human eye
is capable of constant velocity following movements which
are an involuntary response to the perception of movement.
Westheimer (223) reports that as a sub ject becomes familiar
with a target's rate of movement, an ad justment takes place
which allows that target to be tracked smoothly, eliminating
reaction times associated with saccadic motion. Such
ad justments are referred to as psycho-optical reflexes.

Search/Scanning Patterns

Very little research has been done to evaluate the effec-
tiveness of alternate search strategies, or scan patterns,
upon target detection performance. While we know of no con-
trolled air-to-air data, one extensive program for air-to- i
ground search produced some results worth noting. This pro- ‘
gram, called Task OBSERVE, was initiated in late 1957 by the
U.S. Army Aviation Human Research Unit at Ft. Rucker, Ala-
bama. It continued through 1964,
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As part of this progranm, various personnel skills and
training programs were evaluated in terms of their relation-
ship to air-to-ground target detection. Of particular

interest 1s an experiment comparing four search procedures:

1. Forward Fixed, 1in which the observer looked for-
ward at an angle of U5 depg to the line of flight
and downward toward tne terrain with his head held
in a fixed position;

2. Forward Movement, in which the observer 1looked
forward at a U5 deg angle to the line of flight
initially, and then swept his gaze back toward the
rear of the aircraft. The head was moved continu-
ously to provide successive sweeps from fore to
aft of the line of sight;

3. Side Fixed, where the line of sight was directed
at 90 deg to the line of flight and downward; and

4. Side Movement, where the line of sight was 90 deg
to the line of flight, and the observer swept his
gaze inward toward the aircraft and outward toward
the horizon. Head movement, rather than eye move-
ment, was stressed.

The results of the field experiment indicated that the
Side Movement method was consistently more effective than
the other three methods (p < 0.05). The Forward Movement
method was next best. It would appear that a moving, sys-
tematic scan pattern is better than any fixed direction,
"push broom" coverage (Thomas and Caro, 212). Admittedly,
the application of these results to the air-to-air task is
tenuous.

Eye Movement Measurement Techniques

It is beyond the purpose of this report to examine crit-
ically the various means by which eye movement measurement
can be made. However, because it may become desirable to
monitor eye movements in a real or simulated air-to-air
search situation, and perhaps even to train such search per-
formance in a closed-loop fashion, some mention of alternate
techniques seems desirable.

Young and Sheena (235) surveyed the various eye movement

recording methods. Although some improvements have been
implemented since the date of this paper, the state of the
art has largely remained unchanged. The key methods are

briefly noted below, along with estimates of their accura-
clies.
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Electro-oculography. The position of  the eye is
mcasured by placing skin electrodes around the eye
and measuring potential differences due to the
corneorctinal potential, w~ith sensitivities on the
order of 20 mV/degree. Gross readings can easily
be obtained with noise filtering time constants of
about 3 seconds. The method is uscful for wide
fields, to +/- 70 deg. Linearity becomes progres-
sively worse beyond 30 deg. Accuracy is on the
order of +/- 1.5 to 2 deg.

Corneal reflection. The 1image (first Purkinje
image) formed by the front of the cornea is meas-
ured as the eye rotates and (slightly) translates.
Recording is usually photographizc, but can be done
electrooptically. The uncorrected linear range of
this technique 1is about +/- 12-15 deg. Larger
excursions are measurable but 4are nonlinear.
Accuracy is 0.5-1 deg. Measurement can  be done
remotely, even surreptitiously. Hecad movement is
possible, especially with a  tracking system or a
head mounted camera.

Limbus tracking. The sharp boundary between the
iris and the sclera can be tracked electroopti-
cally by several available techniques, much as
systems track the corneal reflection. Because of
lid occlusion of the top of the 1iris, vertical
tracking is limited. Otherwise, accuracies arc of
the same order as the corneal reflection techni-
que,

Contact lens method. Various techniques have been
developed to affix devices tightly to the eye;
these range from suction cups to contact lenses
with stalks mounted on them. Tight fit and lack
ot slip are ecritical. Even with the best devices,
the eye's acceleration during a saccade, often
reaching 40 g, may causc significant recording
arror. Proponents of contact 1lens systems claim
accuracies of 5-10 arcseconds, but only over a
range of 5 deg. There are also substantial dan-
gers resulting from fitting a contact lens with
negative corneal  pressure, Corneal deformation
and damage  to accommodation mus~cles  are  often
cited.

Double Purkinje image method. Imiges  formed hy
the front of the cornen  (first Purkinje) and thoe
rear of the lens (tourth Purkinje image) are
coplanar between  the lens  and the  cornen. Tho
vector between  these two images is tracked elec-
trooptically. While head (or cyed) travel is 1im-
ited, and a2 bite bar is  required vith  present
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instruments, this method is accurate to about 2
arcminutes over a +/- 30 deg field. It is inher-
ently linear, and has a bandwidth of 300 Hz, far
in excess of other techniques.

6. Head position measurement. If free head position
is required, then one may choose to measure sepa-
rately the head angular position and the eye's

position relative to the head. These geometric
data can then be combined to offer eye 1line of
sight in three - dimensional cockpit space, for

example. Systems exist to permit such measurement
over +/- 75 deg about each axis, with close to +/-
1 deg accuracy.

The reader is referred to Young and Sheena (235) for a
more detailed review of these alternative methods.

Modeling

Issues and Purposes

The foregoing discussion has been directed toward outlin-
ing the pertinent variables and conditions involved 1in the

act of target acquisition. As has been pointed out, detec-
tion is dependent on the complex interaction of a large num-
ber of observer, target, and environmental parameters.

Based on the results of laboratory research and operational
and field experiment data, combined with a knowledge of the
physical properties of light through the atmosphere, numer-
ous attempts have been made to describe this process with a
mathematical model.

Physical Description. One of the primary purposes of a
model is to provide a physical description 1in mathematical
terms of the event or process of interest. In this context,
one is concerned with the process of search and the event of
acquisition, or detection. In general, a model should
include in its formulation those parameters that signifi-
cantly enter into specifying the desired outcome. Since
there are. numerous physical and psychological wvariables
involved in air-to-air target acquisition, the problem
becomes not only one of correctly depicting what is included
in the model but also one of excluding those variables that
are inconsequential.

Those parameters generally agreed upon to be included in
the models are those describing the objective scene such as
field luminance, target contrast, target size and its asso-
ciated range (determining apparent size or angular subtense
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at the eye), angular displacement from the 1line of sight,
target and observer velocity, and atmospheric conditions.

Assumptions are generally made, however, when describing
the internal processes of the searching observer. These
usually include the concept of an "ideal observer," one
whose motivational or fatigue-related variables can be
ignored, and one who searches vigilantly with an optimal
strategy geared to specific flight situations and condi-
tions. In a sense, then, such models are "ideal" models,
rather than "normative" (or typical performance) models.
The types of assumed search strategies and corresponding
mathematical descriptions for search in both structured and
unstructured (empty) fields will be treated below.

Prediction of detectability. Once a model has been set
up to presumably describe the air-to-air acquisition task,
it is generally called upon to assist in the prediction of
target detectability by furnishing performance estimates as
outputs, such as the maximum range at which one could detect
a given size target under specified environmental condi-
tions, the probability of detecting the target in a single
glimpse, or a cumulative probability of detection as a func-
tion of time or range.

The model inputs, such as contrast, size, and position,
must be derived from existing data bases which include the
results of psychophysical experiments as well as flight
tests and operational data.

Problems in data collection. In a review of the problem
of air-to-air visual search, Erickson and Burge (76) warn of
the "hazards in modeling visual performance"™ due to unknowns
not accounted for by mathematicians or systems analysts.
The limitations inherent in the methods of obtaining visual
detection estimates are outlined. To begin with, the use of
laboratory data to predict, with a4 mathematical model, vis-
ual performance in the operational situation presents a
problem of "translation" to different conditions. This gen-
erally requires the wuse of "field factors" which perform a
quantitative ad justment by applying a subjectively assessed
"correction factor." The need for field factors is consid-
ered generally to detract from the precision and validity of
the results.

There are other difficulties in acquiring data through
the use of flight tests. Some of these have to do with the
cost per data point and associated experimental constraints,
such as sample size, lack of repeatable <conditions, and
unmanageable experimental design, despite the apparent
validity of a real-life search task.
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Data collected in operational settings, however, tend to
be inaccurate duc to limited available recording ~equipment
and the difficulty of establishing objective conditions, or
"air truth." This type of data is, nonetheless, real and no
correction factors are nccessary.

Simulation methods, though versatile and controllable,
face the difficulty of having to determine the required
level of fidelity for valid results. Erickson (76) points

out the basic trade-off, that 2along the spectrum  of data
collection methods, control over the variables increases as
the psychophysical experiment is approached, but applicabil-
ity to the real world decreases.

General Rescarch and Development. Despite these diffi-
culties in obtaining data, modeling lies at the core of an
understanding of the visual detection process, If all the
significant parameters are properly formutated, acceurate
predictions of detection performance should be  possible.
Moreover, the existence of a useful model helps in structur-
ing meaningful and key rescarch questions, and thus contrib-
utes to the selection of ~fficient and economi~ research,

Design Questions. The primary utility of model outputs
Lies in the area of system design requirements and consider-
ations. The application of such outputs as range and probi-
bility of detection to weapon system specifi-cation and col-
lision avoidance procedures 1s of prime interest, The
decision as to wheither existing procedures are  adequate or
whether additional technology may be required  to aid  the
searching observer may be hased on the predicted probabili-
ties of detection (with sufticiont  time to respond) goener-
ated by the model.

The Detection Lobe. The o foundations for modeling the
visual search process were first set down by Koopman (129)
while working for the U.S. Navy on the air-to-sea search
problem during World War I1I. He used  existing data on
detection thresholds and single glimpse probabilities  to
derive a  "detection lobe" ecquation relating  threshold con-
trast as a function of target size and angle off-axis, or

retinal position, The concept of a visual detection lobe
was borrowed from radar terminology and theory, and has dom-
inated most modeling formulations to date, The Yobe refers

to a three-dimensional pear-shaped volume which extends out-
ward along the line of sight and depicts the relationship of
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threshold detection range to angle off the foveal axis for a
given target contrast. This lobe can be observed pictori-
ally in Figure 39, This lobe can also be expressed as a
"threshold curve" as in Figure 40, taken from Short (195),
in which the off-axis angle at which detection may occur is
dependent upon the ratio of threshold target diameter to
actual target diameter, i.e., ap /o If this ratio, refer-
red to as the liminality ratio, is 'greater than 1, the tar-
get will not be detected. Lower ratios will permit targets
to fall within the lobe area and hence be considered detect-
able. Moreover, the effect of various levels of contrast on
lobe shape is clearly shown in Figure 41 from Heap (107).

VISUAL AXIS)

Figure 39. Cross-scction of detection lobe where R is the
rang.:-to-lobe boundary and © is the anple off
visual axis.

An estimate of a single glimpse probability of detection,
Ps , can be made by considering the projected cross-scece-
t?Bnal arca of the lobe  with the  scarch field at  a given
rangeo., A target that falls within this angle is given a P
ecqual to  the lobe  size divided by the total  search fiel
aren,

Lamar's lobe equatinns are formulated as follows:
. 2
Lt = 1.55 + 15.2/67  , (v € 0.8 deg) (4)

and

+ 10/, 0 0.8 deyry (5)
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search situations. This question will be considered further
in the context of the model applications to types of search
fields.

Other approaches. Rather than taking the psychophysical
threshold data as given and working from there, some theo-
rists prefer to approach the modeling problem by describing
the physiological processes that go 1into making a threshold
response. Neural theories of visual detection are con-
trasted by Blackwell (27) with physical quantum theories as
models of the entire visual system concerned with the trans-
formation of the stimulus to sensory events and related
decision processes without specifying the exact neural site
and activity. The quantum theories consider the precise
neural receptors (cones) involved in the detection event.

The decision-making model of Tanner and Swets (204) fol-
lows the basic framework of signal detection theory and is
rejected by Blackwell because of contradictions that arise
when the range of stimulus magnitudes is extended. More-
over, the mechanism relating stimulus to response is consid-
ered to be both random and deterministic by Kincaid (123),
who thus rejects the notion of a fixed threshold.

Among the various theories of detection probabilities are
those that consider the search process to be best described
by a "random walk"™ Markov chain model (Cowan, 53; Kirkpa-
trick, 124), in which correct and incorrect acquisitions are
considered as absorbing states which determine cumulative
probabilities. This distribution, though similar in shape,
is not the exponential distribution generally employed when
glimpses are considered random. Kirkpatrick (124) claimed
to show a close agreement between predictions and observa-
tions with this model that assumes that parameters do not
vary with time. However, Enoch (68) demonstrated that par-
ameters such as direction of fixation and interfixation dis-
tance changed when degradation is introduced, and thus con-
cluded that it 1is unlikely that a random walk model 1is
appropriate.

Air-to-ground models. A considerable amount of work has
been conducted in an effort to model the air-to-ground
acquisition task. Due to the complex nature of the back-

ground and the need to discriminate specific targets in mil-
itary applications, the models must include additional back-
ground parameters and must also be concerned with
recognition as well as detection. However, the Dbasic
approach used to describe the acquisitinn process can be
applied to> the air-to-air case by appropriate modifications
or deletions of portions »f the models.
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The vast literature on air-to-ground target acquisition

was reviewed 1in a report by Greening (90), who chose six
principal models for detailed evaluation along a common set
of criteria. Among those models included for comparison

were two Air Force models (DETECT I, II, and MARSAM II), a
Navy model (VISTRAC) described by Bradford (39), as well as
models developed by the Autonetics Group of Rockwell Inter-
national, the General Research Corporation, and the Stanford
Research Institute. A number of other models were reviewed
in the Greening (90) report for their pertinent ideas. Many
of the same sources were reviewed for their relevance to the
present investigation of air-to-air search.

Six measures were used by Greening as a basis for compar-
ions. These are:

1. Incorporation of significant quantities,
2. Nature of the output,
3. Sensitivity to significant variables,

4, Range of applicability,

un

Evidence of validity, and

o

Electronic Data Processing (EDP) characteristics
and requirements.

The "significant quantities"™ were broken down into subca-
tegories which generally fall within those described in the
section "Stimulus Characteristics." These are

1. Geometric characterisitics of observer/observed
world situation,

2. Characteristics of the visual scene, and
3. Characteristics of the observer,.

An outline of the geometric characteristics is presented
in Table 3.

Several of the remaining measures of comparison were sim-
ilarly outlined within a tabular context by Greening (90)
and later enlarged upon to include British models (197U4).

Sensitivity is depicted in Figures 42 through 45 for the

most pertinent variables. Here, sensitivity refers to the
relative variation in output as a function of different
input parameters of the models. The input parameters con-

sidered most important were selected for the sensitivity
study. These are search area, flight speed, target offset,
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target/background contrast, target size, and scene
luminance.
e
N \DETECT(PLR AND
\
N\, RAE/BAC(Pp)
MARSAM 1
100} (Pds)\E
S
—|VISTARAQ Ry
Py
P
D o -
PDO —
\\
N
~ 0l
oobo| Ol 1.0 10
Ag (SQ Mi)

Figure 42. Effect of search area upon detection performance
(normalized) (90, p. 73).

Some of the noteworthy limitations on range of applica-
bility are that the models consider only static or quasi-
static targets and level flight, and do not provide suffi-
ciently for the effects of masking, clutter, and glare.
Moreover, the models are limited to observers with "normal"
vision and "standard" search techniques (random or system-
atic), with no provision for workload variations except in
the case of VISTRAC.

Greening (90) found most of the models to share certain
features such as (1) a strong emphasis on optical elements
Wwith a corresponding neglect of cognitive factors, (2) over-
reliance on laboratory data, and (3) 1limited evidence of
overall validation.

The evaluation against the selected criteria yielded
other general findings:
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Figure 43, Effect of flight speed on probability of
detection (90, p. u48).

1. Some significant variables have been omitted from
all the models, such as observer characteristics;

2. Comparisons between outputs are difficult because
of wide differences in form;

3. Sensitivities are different from model to model;

4, Applications are limited: level flight, station-
ary target, etc.;

5. Evidence of field validity is very difficult to
obtain; and

6. EDP requirements are extremely variable.

In a subsequent report, Greening (91) took a closer look
at the British modeling effort in target acquisition. Early
mathematical formulations, provided by Heap of the Royal Air
Force Establishment (RAE), generally followed the concep-
tions of Koopman and Lamar and concentrated on calculations
of maximum sighting ranges (Heap, 107). Heap's "visual car-
pet" is presented in Figure 46, Much of the research wiurk
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Figure 44, Effect of target offset on probability of
detection (90, p. 46).

that grew out of this model framework was conducted by Davies
who utilized the contrast threshold data of Blackwell
for the fovea, and those of Taylor for the periphery. Tnis
RAE model is basically concerned with detection in the air-
to-ground context. Although Davies (57) reports a good con-
cordance of RAE theory with experimental results, he never-
theless found the visual 1lobe theory extremely optimistic
for small targets. This effect can be clearly observed in
Figure u47.

More recent work in England by Overington (175) of the
British Aircraft Corporation has taken a unique turn by re-
latingsingle-glimpse probability to the stimulus value of
the target which is considered to be a function of contrast,
luminance, and the number of retinal recepters. Overington
simply considers that the retinal 1image of a visual scene
contains all the pertinent stimulus information in a retinal
region of maximum illuminance gradient. This stimulus value
can be averaged over approximately one receptor spacing.

The notion of contrast being specified by a 1luminance
gradient has been considered by other researchers, as noted
in Overington (175), who <conc